A sudden increase in the transmural pressure gradient across endothelial monolayers reduces hydraulic conductivity (Lp), a phenomenon known as the sealing effect. To further characterize this endothelial adaptive response, we measured bovine aortic endothelial cell (BAEC) permeability to albumin and 70-kDa dextran, Lp, and the solvent-drag reflection coefficients () during the sealing process. The diffusional permeability coefficients for albumin (1.33 Ϯ 0.18 ϫ 10 Ϫ6 cm/s) and dextran (0.60 Ϯ 0.16 ϫ 10 Ϫ6 cm/s) were measured before pressure application. The effective permeabilities (measured when solvent drag contributes to solute transport) of albumin and dextran (P e alb and P e dex ) were measured after the application of a 10 cmH2O pressure gradient; during the first 2 h of pressure application, P e alb , P e dex , and Lp were significantly reduced by 2.0 Ϯ 0.3-, 2.1 Ϯ 0.3-, and 3.7 Ϯ 0.3-fold, respectively. Immunostaining of the tight junction (TJ) protein zonula occludens-1 (ZO-1) was significantly increased at cell-cell contacts after the application of transmural pressure. Cytochalasin D treatment significantly elevated transport but did not inhibit the adaptive response, whereas colchicine treatment had no effect on diffusive permeability but inhibited the adaptive response. Neither cytoskeletal inhibitor altered despite significantly elevating both Lp and effective permeability. Our data suggest that BAECs actively adapt to elevated transmural pressure by mobilizing ZO-1 to intercellular junctions via microtubules. A mechanical (passive) component of the sealing effect appears to reduce the size of a small pore system that allows the transport of water but not dextran or albumin. Furthermore, the structures of the TJ determine transport rates but do not define the selectivity of the monolayer to solutes (). permeability; hydraulic conductivity; reflection coefficient; zonula occludens-1 THERE ARE TWO PRINCIPAL MECHANISMS of paracellular transport across the endothelium: bulk fluid movement or convection, a process driven by hydrostatic and oncotic pressure gradients, and diffusional exchange, a nonconvective process driven by concentration gradients (24, 42). These transport processes are characterized by three transport coefficients that define the barrier properties of the endothelium to water and solutes: hydraulic conductivity (L p ), diffusional permeability (P d ; i.e., when convection is zero), and the solvent-drag reflection coefficient (). The effective permeability (P e ; measured when solvent drag contributes to solute flux) is also reported frequently in the literature. It is conventional to regard the endothelial transport coefficients as constants; in other words, any observed change in transendothelial flux is attributed to changes in pressure and/or concentration gradients across the endothelium. However, it has become increasingly evident in recent years that endothelial transport coefficients also depend on the mechanical and hormonal environment of the cell layer.
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The endothelial cell layer that lines the inner surface of the vascular wall is continuously subjected to blood flow and pressure. The flow of blood generates a tangential frictional stress (i.e., wall shear stress) that directly acts on the luminal surface of endothelial cells. Several in vitro studies (11, 23, 28, 32, 40) and in vivo studies (29, 49, 50) have shown that shear stress alters transport coefficients in micro-and macrovessel model systems. Blood pressure, on the other hand, is a normal stress that is balanced by the circumferential stress of the vessel wall. Gradients of hydrostatic pressure and oncotic pressure across the wall drive fluid transport between the vessel lumen and the underlying tissue. Other investigators have observed that imposing a step increase in the transmural pressure gradient across cells in culture (6, 40, 44, 46) and intact arteries (29, 45) leads to an initial elevation, followed by a transient reduction in endothelial transport coefficients. This phenomenon, termed the "sealing effect" (44), appears to be an adaptive mechanism to protect against tissue edema in the face of elevated blood pressure. Transmural pressure gradients also regulate the myogenic response, a more recognized mechanism of edema prevention that is mediated by smooth muscle cells (SMCs). Specifically, increases in transmural pressure induce stretch-dependent SMC contraction (18) as well as transmural flow-dependent SMC contraction in response to increased interstitial flow shear stresses (12, 26) ; in turn, distal blood pressure and transendothelial fluxes are reduced (12, 34) .
The cleft between adjacent endothelial cells is the primary pathway for the transport of water and hydrophilic solutes into the underlying tissue. Discontinuities in the tight junction (TJ) strand allow for paracellular transport of water and larger solutes, including 70-kDa dextran and albumin, which are considered in this study. Zonula occludens (ZO)-1 is a peripheral TJ protein and a member of the membrane-associated guanylate kinase (MAGuK) family (37) . MAGuK proteins are defined by having PDZ and guanylate kinase-like domains, both of which are protein-protein interacting domains. ZO-1 provides a link between transmembrane TJ proteins and the actin cytoskeleton. Therefore, ZO-1 appears to play a central role in the assembly and organization of TJs (2, 3, 7) and the regulation of paracellular transport (4, 8, 30) . The effect of transmural pressure gradient on the expression and localization of ZO-1, however, has not been investigated previously.
To study the role of actin in endothelial transport regulation, cytochalasin D (CytoD) has been used to disrupt microfilaments. CytoD treatment increases the number of TJ discontinuities at cell-cell contacts, which leads to increased transendothelial fluxes (25, 43) . The role of microtubules in the regulation of endothelial transport is not well defined. It has been shown that the microtubule disrupting agent colchicine does not alter cerebrovascular permeability to horseradish peroxidase (HRP) in rats (39) but decreases transendothelial electrical resistance across cerebral endothelial monolayers (47) . Furthermore, the roles of microtubules and microfilaments in modulating the sealing effect have not been investigated previously.
The present study was designed to investigate the dynamic barrier properties of bovine aortic endothelial cell (BAEC) monolayers after exposure to a transmural pressure gradient. We hypothesized that reduced L p and P e coefficients are in part a result of increased ZO-1 expression and/or localization at cell-cell contacts. Our results reveal that transmural pressure induces mechanical (passive) and biological adaptive responses in endothelial cells. The biological response appears to recruit ZO-1 to cell-cell contacts via microtubules from a presynthesized pool of ZO-1 protein, which results in the reduction of L p and P e . The transport properties of fixed and cytoskeletal inhibitor-treated monolayers suggest that a mechanical component reduces L p but not P e for 70-kDa dextran. The findings of the present study are consistent with junctional complexes dictating the magnitudes of L p and P e , whereas the glycocalyx determines solute selectivity (). Our results also suggest that transendothelial water flow occurs through discontinuities in the TJ strand as well as through a small pore system that at least excludes solutes the size of 70-kDa dextran.
METHODS

Materials.
The following cell culture components were obtained from Sigma (St. Louis, MO): BSA (30% solution, fraction V), trypsin, minimal essential medium (MEM) (without L-glutamine), L-glutamine, HEPES, sodium bicarbonate, and fetal bovine serum (FBS). A 100ϫ antibiotic-antimycotic mixture (penicillin G sodium, streptomycin sulfate, and amphotericin B) was obtained from GIBCO-BRL (Rockville, MD). Antibodies were obtained as follows: ZO-1 rat monoclonal antibody, clone R40-76, was provided by Dr. Bruce Stevenson (Department of Cell Biology and Anatomy, University of Alberta, Edmonton, Alberta, Canada), donkey anti-rat Cy2 antibody was obtained from Jackson Immunoresearch Laboratories (West Grove, PA), and goat anti-rat HRP-linked antibody was obtained from Amersham (Piscataway, NJ).
Cell culture. Primary BAECs were purchased from VEC Technologies (Rensselaer, NY) and grown in MEM supplemented with 10% FBS. Cells were passaged three to six times before being plated at a density of 1.25 ϫ 10 5 cells/cm 2 onto Transwell polycarbonate filters (0.4-m pore size, 24.5 mm diameter) from Costar (Cambridge, MA). One hour before the cells were plated, filters were incubated at 37°C with 1 ml of 30 g/ml fibronectin (Sigma). These cells reached confluence within 1-2 days on the filters, and experiments were performed on monolayers 3 days postseeding to allow sufficient time for the junctions between cells to develop. The day of the experiment, MEM-10% FBS cell culture media was replaced with experimental media containing 1% BSA (MEM-1% BSA) as described previously (40) .
Measurement of water and solute flux. A novel apparatus was developed in our laboratory to measure water and solute flux across BAEC monolayers under near-physiological conditions (5) . This apparatus, excluding the data acquisition and control computer, was housed within a Plexiglas box and kept at an ambient air temperature of 37°C. The Transwell filter containing the BAEC monolayer was sealed between a two-piece polycarbonate assembly separating the apical and basolateral compartments. The apical compartment was continuously exposed to 5% CO 2-95% balance air to maintain the pH of the media at 7.4. Tygon and borosilicate glass tubing connected the basolateral compartment to a reservoir, which was lowered by 10 cm to apply a hydrostatic pressure gradient (10 cmH 2O) across the monolayer. As a result, water flux was driven through the monolayer into the basolateral compartment. To measure the volumetric flow rate (J v), a bubble was inserted into the borosilicate tubing and tracked with a photometer, which followed the air-liquid interface in real time. Bubble displacement was converted to J v according to the following equation
where ⌬d/⌬t is bubble displacement per unit time and F is a tube calibration factor (i.e., fluid volume contained in known length of tubing). Because the apical and basolateral chambers contained the same media (MEM-1% BSA), it was assumed that L p could be calculated by the following equation
where ⌬P is the hydrostatic pressure difference and A is the surface area of the monolayer. In the present study, J v/A (water flow) and Lp are often used interchangeably because ⌬P is constant; thus changes in J v/A also reflect changes in Lp. There may have been a slight excess of protein near the luminal surface because of concentration polarization driven by volume flux, but this was estimated to have a negligible oncotic effect using a 1% BSA solution (29) . Integration of the bubble tracker with a fluorescent detection system allowed simultaneous flux measurements of water and fluorescent-conjugated solutes. Fluorescence accumulation in the basolateral chamber was measured by two silica optical fibers arranged in the standard 90°fluorometer format. One silica fiber conducted excitation light to the chamber, and the other captured emission light from the fluorescent-labeled solute. The silica fibers were interfaced to the chamber using ferrule-type fittings, which provided a watertight seal. A Uniphase 1-mW helium-argon laser (Manteca, CA) generated excitation light at 543.5 nm. The laser beam diameter was 0.8 mm and was introduced directly into the 1-mm fiber without the use of lenses. Alignment was achieved using a small X/Y fiber holder from Melles Griot (Carlsbad, CA). The emission silica fiber was coupled to a model D48 photomultiplier from C&L Instruments (Hummelstown, PA). A Windows-based software program (FluorMeasure) and model PC-DAQ control card from C&L Instruments were used for data acquisition and control of the photomultiplier.
In the present study, either 3.25 M dextran (70 kDa)-rhodamine B or 2 M albumin-Alexa fluor 594 (Molecular Probes; Eugene, OR) was added to the apical chamber. A trace concentration (ϳ2 nM) of either fluorescent-labeled compound was added to the basolateral chamber so that the linear relationship between solute concentration and fluorescence intensity was maintained at low solute concentrations. In a typical experiment, fluorescence intensity was recorded every minute for 60 min with J v ϭ 0; afterward, a 10-cmH2O pressure gradient was applied and fluorescence was recorded every minute for an additional 240 min. To minimize measurement noise, the fluorescence intensity measurements recorded every minute were smoothed using an adaptive smoothing function (supsmooth) from Mathcad 8 (Cambridge, MA) and averaged into 5-min intervals. After the linear relationship between solute concentration and fluorescence intensity (calibration) was determined, Pd or Pe was calculated by
where ⌬Cb/⌬t is the average change in basolateral solute concentration over 5 min, Vb is the fluid volume of the basolateral chamber, and C a is the apical concentration of the solute. Changes in Vb and Ca were negligible during an experiment and Cb ϽϽ Ca.
Immunocytochemistry. After most experiments in which transport was measured, the BAEC monolayer on the filter was washed twice with PBS, fixed in 1% paraformaldehyde for 10 min, permeabilized with PBS containing 0.2% Triton X-100 for 10 min, and blocked with PBS containing 10% BSA and 0.1% Triton X-100 for 1 h. Cells were incubated with anti-ZO-1 monoclonal rat antibody (1:1) for 1 h, washed with PBS containing 0.1% Triton X-100 five times, and incubated with donkey anti-rat Cy2 antibody (1:200). Filters were washed four times with PBS containing 0.1% Triton X-100, and coverslips were mounted using Aqua Poly/Mount (Polysciences; Warrington, PA). A Nikon E800 confocal microscope equipped with DIC and a PCM2000 Multi-Line Dual Laser system running Simple PCI software (C Imaging Systems) was used to capture digital images. All images within an experiment were captured in an identical fashion. ZO-1 immunoreactivity was quantified by measuring the mean gray value of all the pixels in a digital image using Optimas software (Media Cybernetics; Silver Spring, MD).
Immunoblotting. Upon completion of an experiment, BAEC monolayers were immediately washed with ice-cold PBS and lysed in a urea buffer [6 M urea, 0.1% Triton X-100, 10 mM Tris (pH 8.0), 1 mM dithiothreitol, 5 mM MgCl 2, 5 mM EGTA, 150 mM NaCl, 10 mM NaF, 1 mM NaVO4, and 0.2 mM PMSF], which has been previously shown to optimally solubilize ZO-1 (3). Insoluble material was pelleted by centrifugation in a microfuge at 10,000 g for 10 min. Protein concentrations were determined by Bio-Rad DC protein assay, and equal protein was loaded onto 6% SDS-polyacrylamide gel. Proteins were transferred to nitrocellulose membranes (MSI; Westborough, MA), blocked with 5% milk in Tris-buffered saline-Tween, and immunoblotted using anti-ZO-1 R40-76 antibody (1:2), followed by anti-rat HRP-conjugated secondary antibody from the goat (1: 4,000). ZO-1 content was detected using 20ϫ LumiGLO Reagent and peroxide (Cell Signaling; Beverly, MA) and quantified using GeneTools (SynGene) software.
Reflection coefficient calculations. The reflection coefficients for 70 kDa dextran and albumin, dex and alb, were calculated from the following nonlinear relation, which is based on the assumption that water and solutes share a common pathway (13)
where Z ϭ NPe/[(exp NPe) Ϫ 1] and the Peclet number (NPe) is given by NPe ϭ Jv/A ϫ (1 Ϫ )/Pd. To estimate , it was assumed that Pd was constant and equal to the average P d value measured before the pressure gradient application (when Jv ϭ 0). During the 4-h time course of pressure gradient application, average values of Pe and Jv/A were determined every 15 min. Then, with the use of Eq. 4, was calculated every 15 min. Statistical analysis. Water and solute fluxes are presented graphically as means Ϯ SE and were analyzed for statistical significance using repeated-measures ANOVA (P Ͻ 0.05). A Tukey-Kramer multiple-comparisons test was performed when indicated. Quantification of ZO-1 immunoreactivity or total protein was analyzed for significance by unpaired Student's t-test (P Ͻ 0.05).
RESULTS
Effect of the hydrostatic pressure gradient on transport of water, albumin, and 70-kDa dextran. The water flux (J v /A) and albumin permeability or dextran permeability (P e alb or P e dex ) after the application of a 10-cmH 2 O hydrostatic pressure gradient were determined over a 4-h time course (Fig. 1, A and B,  respectively) . In all experiments, the P d of albumin or dextran (P d alb or P d dex ) was recorded for 1 h before the ensuing application of transmural pressure for 4 h. The averages of P d alb and P d dex over the first hour were 1.32 Ϯ 0.18 ϫ 10 Ϫ6 and 0.60 Ϯ 0.16 ϫ 10 Ϫ6 cm/s, respectively. The difference between the P d alb and P d dex values was statistically significant at all time points (P Ͻ 0.01; not shown in Fig. 1, A and B) . Application of a 10-cmH 2 O pressure gradient immediately increased albumin and 70-kDa dextran permeability by 3.2 Ϯ 0.4-and 4.8 Ϯ 1.3-fold at t ϭ 60 Ϫ6 cm/s, respectively. At time (t) ϭ 60 min, a 10-cmH2O pressure gradient was applied, and both water and solute fluxes were measured for an additional 240 min. All of the Jv/A values measured after 5 min of pressure application in A and B (i.e., at t Ն 65 min) were significantly less than the initial values at t ϭ 60 min (***P Ͻ 0.001). A: all of the Alb flux measurements after 1 h of pressure application (i.e., at t Ն 120) were significantly less than the flux measurement at t ϭ 60 min (***P Ͻ 0.001). B: Dex flux measurements at the indicated times were significantly less than the initial measurement taken after pressure application (at t ϭ 60 min). *P Ͻ 0.05, **P Ͻ 0.01, or ***P Ͻ 0.001. A Tukey-Kramer multiple-comparisons test was performed for the results shown in A and B. Each point represents the mean Ϯ SE. For Alb transport experiments, n ϭ 8; for Dex transport experiments, n ϭ 9. min relative to the average P d alb and P d dex values, respectively. Over the next 2 h, the P e alb and P e dex were reduced by 2.0 Ϯ 0.3-and 2.1 Ϯ 0.3-fold, respectively. The P e alb and P e dex values at the times indicated in Fig. 1, A and B, were significantly less than the P e alb and P e dex values at t ϭ 60 min, respectively. The J v /A values shown in Fig. 1, A and B, were significantly reduced by 3.5 Ϯ 0.2-and 3.9 Ϯ 0.4-fold at t ϭ 180 min relative to their respective peak values at t ϭ 60 min (P Ͻ 0.001). In addition, the P e alb and P e dex values were significantly different from each other at most time points measured between t ϭ 60 and 180 min (P Ͻ 0.05; not shown in Fig. 1, A and B) . Therefore, an additional transport pathway may be quantitatively more significant for albumin flux than for dextran flux.
Effect of fixation on diffusive and convective permeability. The diffusive flux of albumin and 70-kDa dextran across untreated monolayers or monolayers that had been fixed with 1% paraformaldehyde for 10 min is presented in Fig. 2, A and B, respectively. The average P d alb value of control monolayers was 1.55 Ϯ 0.20 ϫ 10 Ϫ6 cm/s during the 55-min time course; the average P d alb value of fixed monolayers was 0.42 Ϯ 0.07 ϫ 10 Ϫ6 cm/s (a 3.9 Ϯ 0.4-fold reduction). The reduced flux of albumin through fixed monolayers was significant, as indicated in Fig. 2A . However, the fixative solution did not alter the diffusive flux of dextran (Fig. 2B) ; the average P d dex values of control and fixed monolayers were 0.24 Ϯ 0.06 ϫ 10 Ϫ6 and 0.26 Ϯ 0.06 ϫ 10 Ϫ6 cm/s, respectively. There was also no significant difference between the P d dex values for control monolayers and P d alb values for fixed monolayers. These experiments suggest that the diffusive flux of dextran is passive, i.e., not involving biological activity, whereas both passive and active mechanisms contribute to the measurement of P d alb .
To determine the effect of fixation on the sealing of BAEC monolayers, the transport of water and 70-kDa dextran was measured for fixed monolayers after the application of a 10-cmH 2 O pressure gradient (Fig. 2C) . The fixation eliminated P e dex sealing and partially attenuated J v /A sealing (J v /A was reduced 2.3 Ϯ 0.3-fold after 2 h of pressure gradient application). Also, the P e dex values were significantly higher through fixed monolayers than through control monolayers (most time points P Ͻ 0.01; not indicated in Fig. 2C ), suggesting that the sealing effect is not purely physical in origin. Furthermore, J v /A was significantly reduced compared with the initial J v /A measurement at t ϭ 60 min (P Ͻ 0.001; as indicated in Fig.  2C ), whereas P e dex remained approximately constant. Thus a pathway for transendothelial water flow that excludes 70-kDa dextran significantly contributes to the sealing of L p , at least during the initial 30 min of pressure application.
Effect of the hydrostatic pressure gradient on immunoreactivity of ZO-1. In light of the pressure gradient-induced sealing effect described above and the evidence that sealing is not entirely physical in nature, we examined the distribution of ZO-1 in monolayers after application of the pressure gradient by immunofluorescence confocal microscopy. In monolayers exposed to a 0-cmH 2 O pressure gradient, ZO-1 was predominantly localized at the BAEC borders in a discontinuous fashion (Fig. 3A) . After a hydrostatic pressure gradient of 10 cmH 2 O was applied for 4 h, the intensity of ZO-1 immunoreactivity increased around the borders, and there were fewer discontinuities in the ZO-1 staining pattern along the cell borders (Fig. 3B) . Figure 3C summarizes the quantification of ZO-1 immunoreactivity levels in 24 paired digital images of 15 Significance was determined at each time point (*P Ͻ 0.05, **P Ͻ 0.01, or ***P Ͻ 0.001). B: P d dex of untreated and 1% paraformaldehyde-treated monolayers. The fixative solution did not alter P d dex (n ϭ 3). C: response of Jv/A and P e dex to a 10-cmH2O pressure gradient applied at t ϭ 60 min across fixed monolayers. Fixation prevented the pressure-induced reduction in P e dex . The Jv/A values measured after 5 min of pressure application (i.e., at t Ն 65 min) were significantly less than the initial value at t ϭ 60 min (***P Ͻ 0.001). In A-C, each point represents the mean Ϯ SE. A Tukey-Kramer multiple-comparisons test was performed at all time points. paired monolayers that were exposed or unexposed to a 10-cmH 2 O pressure gradient. The pressure gradient (⌬P) increased ZO-1 immunoreactivity levels 1.4 Ϯ 0.1-fold (P Ͻ 0.001) relative to control monolayers unexposed to pressure. In addition, the effect of the pressure gradient on the actin cytoskeleton was determined by staining with rhodamine isothiocyanate-phalloidin. No change in the actin immunoreactivity was observed by confocal microscopy after 4 h of pressure compared with controls (data not shown).
Effect of transmural pressure on total ZO-1 protein content. ZO-1 protein content in BAEC monolayers subjected to 0-(control) or 10-cmH 2 O differential pressure (⌬P) for 4 h was determined by Western blot (Fig. 4A) . Application of the hydrostatic pressure gradient did not significantly alter total ZO-1 content of the monolayers (Fig. 4B) ; thus transmural pressure may stimulate the mobilization of ZO-1 from a presynthesized pool.
Effect of CytoD and colchicine on ZO-1 immunoreactivity in the absence of a pressure gradient. ZO-1 immunoreactivity in a monolayer unexposed to the cytoskeletal inhibitors is shown in Fig. 5A . The ZO-1 immunoreactivity in monolayers treated with 10 M CytoD (Fig. 5B ) appeared more discontinuous and less intense at cell-cell contacts compared with control monolayers (Fig. 5A ). On the other hand, the staining pattern of ZO-1 in monolayers treated with 1 M colchicine (Fig. 5C ) appeared identical to untreated monolayers (Fig. 5A) . These results are consistent with the CytoD-induced increase in P d dex observed in Fig. 6 and the constant P d dex values measured after colchicine addition (see Fig. 8 ).
Effect of CytoD on transendothelial transport and ZO-1 immunoreactivity during pressure gradient application.
To determine whether actin filaments participate in the sealing response of endothelial cells, transport properties of CytoDtreated monolayers were measured in real time after pressure A: BAEC monolayers unexposed to transmural pressure (Con) and monolayers exposed to a 10-cmH2O hydrostatic pressure gradient for 4 h (⌬P) were subjected to SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with anti-ZO-1 R40-76 (monoclonal) antibody. B: there was no significant difference in total ZO-1 protein expression (P ϭ 0.28; n ϭ 3) between monolayers exposed to the hydrostatic pressure gradient for 4 h (⌬P) vs. Con. Fig. 3 . Transmural pressure gradient increases zonnula occludens (ZO)-1 immunoreactivity at cell-cell contacts. A: immunoreactivity of ZO-1 in BAEC monolayers exposed to a 0-cmH2O pressure differential for 4 h was generally continuous around cell boundaries. B: when monolayers were exposed to a pressure differential of 10 cmH2O for 4 h, the intensity of ZO-1 immunoreactivity appeared significantly increased around the cell boundaries compared with A. Bar ϭ 20 m. C: after 4 h, total ZO-1 intensity increased 1.4 Ϯ 0.1-fold in monolayers exposed to a 10-cmH2O pressure gradient (⌬P) relative to monolayers exposed to 0-cmH2O pressure gradient (Con) (N ϭ 15 paired monolayers, n ϭ 24 paired digital images). ***P Ͻ 0.001. application (Fig. 6 ). The average P d dex was 0.56 Ϯ 0.17 ϫ 10 Ϫ6 cm/s before the addition of CytoD at t ϭ 60 min. After the addition of 10 M CytoD, the average P d dex value between t ϭ 60 and 115 min was 2.15 Ϯ 0.30 ϫ 10 Ϫ6 cm/s (a 4.5 Ϯ 0.7-fold increase relative to the P d dex values measured before the CytoD addition). Application of a 10-cmH 2 O pressure gradient across CytoD-treated monolayers immediately increased dextran permeability to its maximum value of 9.41 Ϯ 1.96 ϫ 10 Ϫ6 cm/s at t ϭ 120 min. Afterward, the sealing effect significantly reduced both P e dex and J v /A values compared with the initial measurements at t ϭ 120, as indicated in Fig. 6 . After 4 h of pressure application, P e dex and J v /A were reduced by 2.8 Ϯ 1.0-and 1.7 Ϯ 0.2-fold. The pressure-induced reduction in transport properties in the presence of CytoD indicates that the sealing process is not dependent on an intact microfilament network. However, disruption of the microfilament network significantly increases L p , P e , and the number of discontinuities in the TJ strand.
The effect of CytoD on ZO-1 immunoreactivity after pressure gradient application was investigated. After a 4-h application of transmural pressure to monolayers that were not treated with CytoD, the intensity of ZO-1 reactivity was increased at cell-cell contacts (Fig. 7B) relative to monolayers unexposed to transmural pressure over the same time course (Fig. 7A) . For the results shown in Fig. 7C , CytoD was added to the monolayer 1 h before pressure exposure; afterward, a 10-cmH 2 O pressure gradient was applied across the monolayer for 4 h. The ZO-1 reactivity levels in Fig. 7C also increased relative to monolayers unexposed to pressure (Fig. 7A) ; however, the ZO-1 reactivity appeared significantly more discontinuous around the cell borders compared with pressurized monolayers unexposed to CytoD (Fig. 7B) . Again, it appears that intact microfilaments are not required to shuttle ZO-1 to the junction but are required to assemble the protein in a continuous fashion at the cell border.
Effect of colchicine on transendothelial transport and ZO-1 immunoreactivity during pressure application. To investigate the role of microtubules in the sealing response, the transport properties of colchicine-treated monolayers were measured in real time after pressure application (Fig. 8 ). The average P d dex was 0.25 Ϯ 0.11 ϫ 10 Ϫ6 cm/s before the addition of colchicine at t ϭ 60 min. The addition of 1 M colchicine did not Fig. 6 . Effect of CytoD on transmural transport. CytoD treatment increased water and 70-kDa Dex transport through BAEC monolayers, but the sealing effect was still observed. P d dex values were measured during the first 60 min. At t ϭ 60 min, 10 M CytoD was added and P d dex was measured for an additional 60 min. At t ϭ 120 min, a hydrostatic pressure gradient of 10 cmH2O was applied, and both Jv/A and P e dex were determined for an additional 240 min. The Jv/A values measured after 5 min of pressure application (i.e., at t Ն 65 min) were significantly less than the initial value at t ϭ 60 min (***P Ͻ 0.001). The P e dex values were significantly reduced after 90 min of pressure application (i.e., a significance of P Ͻ 0.05 was observed at t Ն 210 min relative to the initial value at t ϭ 120 min). *P Ͻ 0.05, **P Ͻ 0.01, or ***P Ͻ 0.001 (by Tukey-Kramer multiple-comparisons test). Each point represents the mean Ϯ SE (n ϭ 5). cm/s (a 9.1 Ϯ 1.5-fold increase relative to the average P d dex value). Microtubule disruption completely eliminated the reduction in P e dex , but the reduction in J v /A was still significant after the pressure application, as indicated in Fig. 8 . After 180 min, P e dex and J v /A increased. The P e dex values measured during the last hour of pressure application were significantly larger than the initial P e dex measurement at t ϭ 120 min (P Ͻ 0.01; not shown in Fig. 9 ). Thus the reduction in L p during the first 30 min of pressure gradient application is microtubule independent; afterward, an intact microtubule network is required to maintain sealing of the monolayers.
The effect of colchicine on ZO-1 immunoreactivity after pressure gradient application was also investigated. As observed previously, a 4-h application of transmural pressure to monolayers that were not treated with colchicine increased the intensity of ZO-1 reactivity at cell-cell contacts (Fig. 9B) relative to monolayers unexposed to transmural pressure over the same time course (Fig. 9A ). For the results in Fig. 9C , colchicine was added to the monolayer 1 h before pressure exposure; afterward, a 10-cmH 2 O pressure gradient was applied across the monolayer for 4 h. The intensity of ZO-1 reactivity shown in Fig. 9C was not increased compared with monolayers unexposed to pressure (Fig. 9A) , and the distribution of ZO-1 reactivity appeared irregular around the border of most cells. These results also suggest that microtubules mediate the translocation of ZO-1 to the cell borders during the sealing process. It should also be noted that after colchicine treatment, a small fraction of the cells were washed away during the immunostaining protocol; however, the monolayers were confluent, as seen by phase-contrast microscopy immediately after the pressure application.
Effect of CytoD and colchicine on . To estimate (t) values during the 4-h time course of pressure gradient application, average values of P e (t) and J v /A(t) were determined every 15 min. It was also assumed that P d was constant and equal to the average P d value measured before pressure gradient application (when J v /A ϭ 0). Then, with the use of Eq. 4, (t) was calculated every 15 min. To solve for in cytoskeletal inhib- Fig. 8 . Effect of colchicine on transmural transport. Colchicine treatment eliminated the sealing effect for 70-kDa Dex transport. BAEC P d dex (Jv ϭ 0) was measured during the first 60 min. At t ϭ 60 min, 1 M colchicine was added, and P d dex was measured for an additional 60 min. At t ϭ 120 min, a hydrostatic pressure gradient of 10 cmH2O was applied, and both Jv/A and P e dex were determined for an additional 240 min. An abbreviated sealing effect for water was observed; Jv/A values were significantly reduced compared with the initial value at t ϭ 120 min, as indicated (*P Ͻ 0.05 by Tukey-Kramer multiple-comparisons test). Each point represents the mean Ϯ SE (n ϭ 3). Fig. 7 . Effect of CytoD on ZO-1 immunoreactivity after pressure gradient application. CytoD caused discontinuous ZO-1 immunoreactivity but did not inhibit the pressure gradient-induced increase in ZO-1 immunoreactivity at cell-cell contacts. A: ZO-1 reactivity in a monolayer exposed to a 0-cmH2O pressure gradient for 6 h. B: ZO-1 reactivity in a monolayer initially exposed to 0-cmH2O differential pressure for 2 h, followed by a 4-h application of 10-cmH2O differential pressure. C: ZO-1 reactivity in monolayer treated with 10 M CytoD during the last hour of a 2-h exposure to a 0-cmH2O pressure gradient; afterward, a 10-cmH2O gradient was applied across the CytoDtreated monolayer for an additional 4 h. Bar ϭ 20 m.
itor-treated monolayers, the P d dex used in Eq. 4 was set equal to the value measured after CytoD or colchicine addition. Because the P d dex magnitudes after CytoD addition steadily increased over the next hour (see Fig. 6 between t ϭ 60 min and 120 min), the average Pd dex value between t ϭ 105 and 115 min (2.64 Ϯ 0.28 ϫ 10 Ϫ6 cm/s) was assumed to be equal to the steady-state value. This approximation is reasonable because P d values that underestimate the actual steady-state value by 25% typically only cause 10% errors in the calculations of (t) after CytoD addition. Colchicine treatment, on the other hand, did not alter P ddex over a 1-h time course (see Fig. 8) ; therefore, the P d dex value used in Eq. 4 was set equal to the average P d dex value measured between t ϭ 60 min and 115 min (0.27 Ϯ 0.06 ϫ 10 Ϫ6 cm/s). Neither CytoD nor colchicine-treatment significantly altered the BAEC magnitudes to dextran compared with untreated monolayers (Fig. 10) . The average value during the 4-h exposure to CytoD was 0.69 Ϯ 0.05 compared with 0.67 Ϯ 0.08 for control (P Ͼ 0.86). The average value during the 4-h exposure to colchicine was 0.68 Ϯ 0.04 compared with 0.67 Ϯ 0.08 for control (P Ͼ 0.90). These results suggest that intact TJs do not determine solute selectivity ().
DISCUSSION
Endothelial cells are naturally found in a mechanically active environment. Several studies have shown that endothelial cells alter their morphology, growth rate, and metabolism in response to the wall shear stress generated by blood flow (for reviews, see Refs. 14, 22, and 41). Traditionally, endothelial transport properties (L p , P d , and ) have been regarded as passive (constant) properties of the endothelium; however, it is now becoming clear that endothelial permeability coefficients depend on hemodynamic forces. Several investigators have shown that endothelial L p increases in response to an increase in fluid wall shear stress using in vitro (11, 15, 19, 40) and in vivo (29, 33, 49, 50) models. In the present study, a step change in the hydrostatic pressure gradient from 0 to 10 cmH 2 O induced a prominent sealing effect in BAEC monolayers (Fig. 1) . This phenomenon significantly reduced water, albumin, and dextran fluxes to minimum values ϳ2 h after application of a 10-cmH 2 O pressure gradient. Other investigators, using cells in culture (6, 40, 44, 46) and intact arteries (29, 45) , have also observed a similar pressure-induced reduction in endothelial transport coefficients (L p and P e ). This adaptive response or sealing effect may provide a mechanism by which the body protects against edema formation when vascular pressure increases suddenly. 9 . Effect of colchicine on ZO-1 immunoreactivity after pressure gradient application. Colchicine altered ZO-1 immunoreactivity at cell-cell contacts after pressure application for 4 h. A: ZO-1 reactivity in a monolayer exposed to a 0-cmH2O pressure gradient for 6 h. B: ZO-1 reactivity in a monolayer initially exposed to 0-cmH2O differential pressure for 2 h, followed by a 4-h application of 10-cmH2O differential pressure. C: ZO-1 reactivity in a monolayer treated with 1 M colchicine during the last hour of a 2-h exposure to a 0-cmH2O pressure gradient; afterward, a 10-cmH2O gradient was applied across the colchicine-treated monolayer for an additional 4 h. Bar ϭ 20 m.
A previous study (46) of the endothelial sealing phenomenon suggested that it is a physical process not requiring biological activity. This group reported that the sealing of bovine pulmonary artery endothelial monolayers in vitro was quantitatively similar to the sealing of fixed monolayers and speculated that the mechanism is a result of pressure-induced deformations of transendothelial channels. However, it should be pointed out that the postsealing L p value in that study was more than an order of magnitude greater than the postsealing L p values reported in the present study (41 ϫ 10 Ϫ7 vs. 3 ϫ 10 Ϫ7 cm⅐s Ϫ1 ⅐cmH 2 O Ϫ1 , respectively) and P e was not measured.
The results of the present study indicate that sealing in BAEC monolayers depends on biological mechanisms. The reduction in L p and P e magnitudes during the sealing effect was coincident with increased ZO-1 immunoreactivity at cell-cell contacts (Fig. 3) . Fixation increased P e values compared with control values and eliminated the pressure-induced reduction in P e values over time (Fig. 2C) . Also, the reduction in L p across fixed BAEC monolayers was largely attenuated compared with untreated monolayers; specifically, L p was reduced 2.3 Ϯ 0.3-fold for fixed monolayers versus 3.7 Ϯ 0.3-fold for untreated monolayers after 2 h of pressure application. Nonetheless, a very significant reduction in L p (but not P e ) was observed for fixed monolayers, indicating that the sealing phenomenon may include a passive or mechanical component that reduces Lp.
A large body of evidence indicates that actin plays a significant role in controlling endothelial permeability. Various actin disrupting drugs such as cytokinins, phalloidin, and cytochalasins disturb TJ structure and permeability (9, 31, 38) . We observed that CytoD induced significant discontinuity of ZO-1 immunoreactivity (Fig. 5 ) and dramatically elevated L p , P d , and P e dex (Fig. 6) . Surprisingly, however, L p and P e were significantly reduced by 1.7 Ϯ 0.2-and 2.8 Ϯ 1.0-fold, respectively, after 4-h of pressure gradient application across CytoDtreated monolayers. Furthermore, CytoD treatment did not inhibit the pressure-induced increase in ZO-1 immunoreactivity at the cell-cell contacts (Fig. 7) , albeit a discontinuous staining pattern was observed. These results suggest that the translocation of ZO-1 to the cell border does not depend on intact actin filaments because both L p and P e were significantly reduced over time and the immunoreactivity of ZO-1 was increased at the cell border. However, the maintenance of a continuous junctional complex does depend on intact actin filaments.
In contrast to microfilamentous actin, the role of microtubules in endothelial cell barrier regulation has received much less attention in the literature. Historically, microtubules and actin filaments have been viewed as separate and distinct cytoskeletal networks, but are now known to interact functionally during dynamic cellular processes (17, 27) . Treatment of BAEC monolayers with colchicine, a microtubule disrupting agent, did not alter P d dex or the immunoreactivity of ZO-1 at the cell-cell contacts after 1 h (Fig. 9) . The sudden application of a pressure gradient across colchicine-treated monolayers did not attenuate the L p reduction over the next 30 min relative to untreated monolayers (Fig. 8) . However, the pressure-induced reduction in P e was eliminated and the sealing of L p was reversed over longer time periods. These results, together with the measurements of water and solute flux across fixed monolayers, imply that the initial reduction in L p after pressure gradient application is primarily due to a mechanical or passive sealing process; over longer time periods, a functional microtubule network is required to induce a reduction in P e and a further reduction in L p . It should also be noted that an increase in transmural pressure did not stimulate an increase in total ZO-1 protein. Therefore, the transmural pressure gradient may stimulate the recruitment of presynthesized TJ proteins, and possibly other molecules that induce TJ assembly, to cell-cell contacts via vesicles that travel along microtubules. Suttorp et al. (44) reported that cooling endothelial monolayers to 4°C attenuated the endothelial sealing effect, which also suggests that the phenomenon requires biological activity such as vesicular-mediated protein transport along microtubules.
The data from the present study also suggest that two pathways are available for water transport through the interendothelial cleft: the first is through discontinuities in the TJ strand, and the second through narrow pores that exclude large solutes (1, 10) . While there is little doubt that discontinuities in the TJ strand provide a paracellular pathway for water and solutes, it is not clear if a separate small pore pathway contributes to the transendothelial flux of water (16) . Here, J v /A across untreated monolayers was reduced to a larger extent and over a shorter time course than the reduction in P e dex or P e alb (Fig. 1) . Furthermore, colchicine treatment and fixation did not attenuate the reduction in J v /A from occurring immediately after pressure application but did block the reduction in P e dex (Figs. 8 and 2C, respectively) . These results suggest that the application of transmural pressure immediately induces a mechanical or passive adaptive response by possibly compressing narrow gaps (small pores) within the TJ strand that allow the transport of water but not 70-kDa dextran. Figure 11 shows a schematic of a two-pathway model of paracellular transport, which includes a small pore system (distance h across the narrow slit) and larger pores formed from the discontinuities in the TJ strand. We propose that an increase in the hydrostatic pressure gradient leads to a passive reduction in h even after treatment with the cytoskeletal inhibitors and paraformaldehyde. The biological component of the sealing effect, on the other hand, mobilizes ZO-1 at cell-cell contacts via an intact microtubule network, which effectively reduces the length (L) Fig. 11 . A two-pathway model for paracellular transport (top view). In frog mesenteric capillaries, the width of the interendothelial cleft, W, is ϳ15-20 nm, and the distance across the slit (or small pore diameter), h, is 2 nm (1). The length, L, and frequency of the tight junction (TJ) break may be more cell specific than h or W. In Con monolayers, the passive component of the sealing effect reduces h, whereas the active component (TJ recruitment to cell borders via microtubules) reduces L. In colchicine-treated monolayers, h is reduced but L is constant, at least initially, because there is no mechanism to transport TJ proteins. In CytoD-treated monolayers, both L and W are larger due to lack of microfilament support; after pressure application, the physical and biological components of the sealing effect reduce h and L, respectively. of the TJ discontinuities. Fixed and colchicine-treated monolayers would, therefore, lack a mechanism to transport TJ proteins to the cell border. In CytoD-treated monolayers, all of the dimensions (h, L, and width W) are presumably larger due to the lack of microfilament support; after pressure application, h is passively reduced and the biological response reduces L because the microtubules are relatively intact.
The addition of the cytoskeletal inhibitors not only allows us to examine the dependence of the adaptive response on the cytoskeleton but also provides an assessment of the structures responsible for the sieving of solutes. Through the use of combined experimental and theoretical approaches, other authors have shown in vivo that the glycocalyx (20, 21, 35, 48) serves as the primary molecular filter for plasma proteins and thus determines the magnitude of (20, 21, 35, 48) . Here, the simultaneous measurements of L p and P e permitted a straightforward estimation of that was similar in magnitude (ϳ0.7) to estimations typically reported in vivo. The addition of the CytoD did not alter the value of , indicating that structures other than the TJ strand determine the selectivity of BAEC monolayers because the paracellular pathways are wide open (TJs are disassembled). These results strongly suggest the presence of a material within the interendothelial cleft that acts as a molecular filter. The underlying physical picture associated with this model is similar to the one described by Weinbaum and Curry (20) : breaks in the TJ provide the dominant transport pathways, but selectivity to solutes is conferred by the glycocalyx within the interendothelial cleft.
It should be noted that alb values (data not shown) were lower than the dex values, averaging 0.53 Ϯ 0.02 over the time course of pressure application. These results indicate that solvent drag also contributes to paracellular albumin flux in BAEC monolayers. However, transcellular transport of albumin (for a review, see Ref. 36 ) appears to significantly contribute to the total flux of albumin. The P d for 70-kDa dextran was significantly lower than the P d for albumin at all time points in Fig. 1 (P Ͻ 0.01) . In separate experiments ( Fig. 2A) , the diffusive flux of albumin through unfixed monolayers (1.55 Ϯ 0.20 ϫ 10 Ϫ6 cm/s) was significantly greater than the flux through fixed monolayers (0.42 Ϯ 0.07 ϫ 10 Ϫ6 cm/s). However, paraformaldehyde treatment did not affect the diffusive flux of dextran (Fig.  2B) . These results suggest that fixation blocked the active transcellular transport of albumin and that transcellular transport provides a quantitatively significant pathway for albumin through control monolayers.
We conclude that transmural pressure gradients stimulate biological and mechanical responses in BAEC monolayers. Our data support the presence of a small pore pathway for water that appears to seal passively after pressure application. After longer periods of pressure application, a significant increase in ZO-1 expression at cell-cell contacts was observed. We envision that the mechanical component of the sealing process reduces the size of the small pores within the TJ strand and the biological component reduces the length of existing TJ breaks along endothelial cell borders. Also, junctional complexes dictate the magnitudes of L p and P e , but selectivity to solutes is probably conferred by a glycocalyx.
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